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(57) ABSTRACT

According to one embodiment, a magnetic memory device
includes a lower structure, a stacked structure provided on
the lower structure and including a first magnetic layer
having a variable magnetization direction, a second mag-
netic layer having a fixed magnetization direction, and a
nonmagnetic layer provided between the first magnetic layer
and the second magnetic layer, and a first sidewall 1nsulating
layer which 1s provided along a sidewall of the stacked
structure and whose per end 1s located lower than an upper
surface of the nonmagnetic layer.
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MAGNETIC MEMORY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of
priority from Japanese Patent Application No. 2018-043467/,
filed Mar. 9, 2018, the entire contents of which are incor-
porated herein by reference.

FIELD

Embodiments described herein relate generally to a mag-
netic memory device.

BACKGROUND

A magnetic memory device (semiconductor integrated
circuit device) in which a magnetoresistive element and a
MOS ftransistor are integrated on a semiconductor substrate
has been proposed.

A stacked structure (stacked pattern) of the magnetore-
sistive element 1s formed by etching a stacked film including
a magnetic layer.

However, there 1s a problem that an etched metal material
redeposits on a sidewall of the stacked structure, resulting in
clectrical short failure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross-sectional view schematically showing a
configuration of a magnetic memory device according to an
embodiment;

FIG. 2 1s a cross-sectional view schematically showing a
part of a magnetic memory device manufacturing method
according to the embodiment;

FIG. 3 1s a cross-sectional view schematically showing a
part of the magnetic memory device manufacturing method
according to the embodiment;

FIG. 4 1s a cross-sectional view schematically showing a
part of the magnetic memory device manufacturing method
according to the embodiment;

FIG. 5 1s a cross-sectional view schematically showing a
part of the magnetic memory device manufacturing method
according to the embodiment;

FIG. 6 1s a cross-sectional view schematically showing a
part of the magnetic memory device manufacturing method
according to the embodiment;

FIG. 7 1s a cross-sectional view schematically showing a
configuration of a modification of the magnetic memory
device according to the embodiment; and

FIG. 8 1s a cross-sectional view schematically showing an
example of a general configuration of a semiconductor
integrated circuit device to which the magnetoresistive ele-
ment of the embodiment 1s applied.

DETAILED DESCRIPTION

In general, according to one embodiment, a magnetic
memory device includes: a lower structure a stacked struc-
ture provided on the lower structure and including a first
magnetic layer having a variable magnetization direction, a
second magnetic layer having a fixed magnetization direc-
tion, and a nonmagnetic layer provided between the first
magnetic layer and the second magnetic layer; and a first
sidewall 1nsulating layer which 1s provided along a sidewall

10

15

20

25

30

35

40

45

50

55

60

65

2

of the stacked structure and whose upper end i1s located
lower than an upper surface of the nonmagnetic layer.

Hereinafter, embodiments will be described with refer-
ence to the drawings.

FIG. 1 1s a cross-sectional view schematically showing a
configuration of a magnetic memory device (semiconductor
integrated circuit device) according to an embodiment.

The lower structure 10 includes a semiconductor substrate
(not shown), a MOS ftransistor (not shown), an interlayer
insulating film 11, a bottom electrode 12, and the like. The
MOS transistor 1s provided 1 a surface region of the
semiconductor substrate. The bottom electrode 12 1s pro-
vided 1n the interlayer insulating film 11 and electrically
connects the MOS transistor and a magnetoresistive element
to be described later.

On the lower structure 10, a stacked structure 20 for a
magnetoresistive element 1s provided. The magnetoresistive
clement 1s also called MTV (magnetic tunnel junction)
clement.

The stacked structure 20 includes a storage layer 21 as a
first magnetic layer, a reference layer 22 as a second
magnetic layer, a tunnel barrier layer 23 as a nonmagnetic
layer, a shift canceling layer 24 as a third magnetic layer, an
under layer 25, a cap layer 26, and an intermediate layer 27.

The storage layer (first magnetic layer) 21 1s a ferromag-
netic layer having perpendicular magnetization (having a
magnetization direction perpendicular to 1ts main surface)
and has a vaniable magnetization direction. In this embodi-
ment, the storage layer 21 1s formed of CoFeB, FeB, NgkeO,
or the like.

The reference layer (second magnetic layer) 22 1s a
ferromagnetic layer having perpendicular magnetization and
has a fixed magnetization direction. The reference layer 22
includes a first layer portion 22a and a second layer portion
22b. In this embodiment, the first layer portion 22a 1s formed
of CoFeB, FeB, MgFeO, or the like. The second layer
portion 225 contains cobalt (Co) and at least one element
selected from platinum (Pt), nickel (N1), and palladium (Pd).
In this embodiment, the second layer portion 2256 1s formed
from a superlattice such as Co/Pt, Co/N1 or Co/Pd.

The fact that the magnetization direction i1s variable
means that the magnetization direction varies with respect to
a predetermined write current, and the fact that the magne-
tization direction 1s fixed means that the magnetization
direction does not vary with respect to a predetermined write
current.

The tunnel barner layer (nonmagnetic layer) 23 is an
insulating layer provided between the storage layer 21 and
the reference layer 22. In this embodiment, the tunnel barrier
layer 23 1s formed of MgO, AlO, or the like. For the tunnel
barrier layer 23, nitrides of elements such as Al, S1, Be, Mg,
Ca, Sr, Ba, Sc, Y, La, Zr, and Hf may be used.

The shift canceling layer (third magnetic layer) 24 1s a
ferromagnetic layer having perpendicular magnetization and
has a fixed magnetization direction antiparallel to the mag-
netization direction of the reference layer 22. Provision of
the shift canceling layer 24 allows cancellation of a mag-
netic field applied from the reference layer 22 to the storage
layer 21. The shiit canceling layer 24 contains cobalt (Co)
and at least one element selected from platinum (Pt), nickel
(N1), and palladium (Pd). In this embodiment, the shift

canceling layer 24 1s formed from a superlattice such as
Co/Pt, Co/N1 or Co/Pd.

As can be seen from the above description, in this
embodiment, the reference layer 22 1s provided between the
lower structure 10 and the tunnel barrier layer 23, and the
shift canceling layer 24 i1s provided between the lower
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structure 10 and the reference layer 22. Accordingly, the
storage layer 21 1s provided upper than the reference layer
22 and the shiit canceling layer 24.

The under layer 25 1s provided on the bottom electrode 12
and includes a first layer portion 25a and a second layer
portion 25b. The first layer portion 235a contains hardly
ox1dizable metal which 1s hard to oxidize, such as N, Ta, Ru
or T1. The first layer portion 254 may be provided as a
compound such as TaN or TiN. The second layer portion 2556
contains at least one easily oxidizable metal which 1s more
casily oxidized than the hardly oxidizable metal used for the
first layer portion 25a and 1s selected from, for example, Al,
Be, Mg, Ca, Sr, Hf, Ba, Sc, Y, La, and Zr. The second layer
portion 255 1s formed of, for example, HIB, MgAIB, HIAIB,
ScAIB, ScHiB, HIMgB, or the like.

The hardly oxidizable metal and the easily oxidizable
metal can be determined based on, for example, 1ts standard
clectrode potential. That 1s, when second metal 1n the second
layer portion 255 has a standard electrode potential lower
than that of first metal in the first layer portion 25a, the
second metal can be defined as the easily oxidizable metal.
On the other hand, when the first metal 1n the first layer
portion 254 has a standard electrode potential higher than
that of the second metal in the second layer portion 255, the
first metal can be defined as the hardly oxidizable metal.

The cap layer 26 1s provided between the storage layer 21
and a hard mask layer 30, and 1s formed using a predeter-
mined metal material. For example, the cap layer 26 may be
formed of a nitrogen compound or an oxygen compound, or
a compound thereof. The intermediate layer 27 1s provided
between the storage layer 21 and the cap layer 26.

The hard mask layer 30 provided on the stacked structure
20 1s used as an etching mask when a pattern of the stacked
structure 20 1s formed by 1on beam etching (IBE).

On a sidewall of the stacked structure 20, a first sidewall
insulating layer 41 1s provided. The first sidewall insulating
layer 41 1s provided along the sidewall of the stacked
structure 20, and an upper end of the first sidewall insulating
layer 41 1s located lower than an upper surface of the tunnel
barrier layer 23. In this embodiment, the upper end of the
first sidewall msulating layer 41 1s located lower than a
lower surface of the tunnel barner layer 23. Further, 1n this
embodiment, the upper end of the 1t sidewall msulating layer
41 1s located higher than a lower surface of the reference
layer 22. More specifically, the upper end of the first
sidewall nsulating layer 41 1s located higher than a lower
surface of the first layer portion 22a of the reference layer
22. The first sidewall insulating layer 41 1s formed of an
insulating material such as nitride or oxide. As will be
described later, the first sidewall insulating layer 41 mainly
functions as a protective film against IBE.

On the sidewall of the stacked structure 20, a second
sidewall insulating layer 42 1s provided. The second sidewall
insulating layer 42 1s provided along the sidewall of the
stacked structure 20 and covers the first sidewall 1insulating
layer 41. In this embodiment, the second sidewall insulating
layer 42 covers the entire sidewall of the stacked structure 20
and the entire sidewall of the hard mask layer 30. Specifi-
cally, the second sidewall insulating layer 42 1s formed of a
nitride layer such as a silicon mitride (SiN) layer, an alumi-
num nitride (AIN) layer, or a hatmium nitride (HEFT) layer.
The second sidewall imnsulating layer 42 mainly functions as
a protective {ilm for protecting a magnetoresistive element.

A redeposition layer (first redeposition layer) 43 made of
hardly oxidizable metal 1s interposed between the stacked
structure 20 and the first sidewall insulating layer 41. The
redeposition layer 43 1s provided along the sidewall of the
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4

stacked structure 20, and a position 1n a height direction of
an upper end of the redeposition layer 43 1s substantially the
same as a position i a height direction of the upper end of
the first sidewall 1nsulating layer 41. The redeposition layer
43 1s a layer which redeposits to the sidewall of the stacked
structure 20 when the pattern of the stacked structure 20 1s
formed by IBE. Accordingly, the redeposition layer 43
contains the same metal element as a metal element con-
tained 1n the stacked structure 20. For example, the redepo-
sition layer 43 contains hardly oxidizable metal and the like.

On a portion of the sidewall of the stacked structure 20,
which 1s located higher than the upper end of the first
sidewall 1nsulating layer 41, no redeposition layer 1s pro-
vided, or a second redeposition layer (not shown) thinner
than the first redeposition layer 43 1s provided.

A structure including the stacked structure 20, the hard
mask layer 30, the first sidewall insulating layer 41, the
second sidewall insulating layer 42, and the first redeposi-
tion layer 43 1s covered with an interlayer imnsulating film 51.
A hole 1s formed in the mterlayer insulating film 31 and the
second sidewall 1nsulating layer 42, and a top electrode 52
1s provided 1n the hole. A magnetoresistive element and a bit
line (not shown) are electrically connected by the top
clectrode 52.

The magnetoresistive element 1s an STT (spin transfer
torque) type magnetoresistive element having perpendicular
magnetization. That 1s, each of the storage layer 21, the
reference layer 22, and the shift canceling layer 24 has a
magnetization direction perpendicular to 1ts main surface.

The resistance of the stacked structure 20 for the magne-
toresistive element 1s lower when the magnetization direc-
tion of the storage layer 21 1s parallel to the magnetization
direction of the reference layer 22 than when the magneti-
zation direction of the storage layer 21 1s antiparallel to the
magnetization direction of the reference layer 22. That 1s,
when the magnetization direction of the storage layer 21 1s
parallel to the magnetization direction of the reference layer
22, the stacked structure 20 exhibits a low resistance state,
and when the magnetization direction of the storage layer 21
1s antiparallel to the magnetization direction of the reference
layer 22, the stacked structure 20 exhibits a high resistance
state. Accordingly, the magnetoresistive element can store
binary data (0 or 1) according to the resistance state (low
resistance state and high resistance state). The resistance
state of the magnetoresistive element can be set according to
the direction of write current flowing through the magne-
toresistive element (stacked structure 20).

Next, a method of manufacturing the magnetic memory
device (semiconductor integrated circuit device) according
to this embodiment will be described with reference to
FIGS. 2 to 6 and FIG. 1.

First, as shown 1n FIG. 2, the lower structure 10 including
a semiconductor substrate (not shown), a MOS transistor
(not shown), the interlayer insulating film 11, the bottom
clectrode 12 and the like 1s formed.

Then, a stacked film 20S 1s formed on the lower structure
10 mainly by sputtering. More specifically, on the lower
structure 10, the under layer 25 (first layer portion 25a and
second layer portion 255), the shift canceling layer 24, the
reference layer 22 (first layer portion 22a and second layer
portion 225), the tunnel barrier layer 23, the storage layer 21,
the intermediate layer 27, and the cap layer 26 are sequen-
tially deposited. Subsequently, the stacked film 20S 1s
annealed. Thereby, layers included in the stacked film 208 1s
crystallized.

Then, a pattern of the hard mask layer 30 1s formed on the
stacked film 20S by lithography and etching.
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Then, as shown in FIG. 3, the stacked film 20S 1s
patterned to form the stacked structure 20. Specifically, the
hard mask layer 30 1s used as an etching mask, and the
stacked film 20S 1s patterned by IBE while rotating a
semiconductor waler provided with the stacked film 205
around 1ts central axis as a rotation axis. Specifically, the
stacked film 20S 1s irradiated with an 1on beam while
changing an incident angle 0 of the 10n beam (incident angle
to the main surface of the lower structure 10, that 1s, an angle
formed between a direction perpendicular to the main sur-
tace of the lower structure 10 and the 1on beam). For
example, the 1on beam 1s applied at an 1incident angle larger
than 30 degrees from IBE start time t0 to time t1, the 1on
beam 1s applied at an incident angle smaller than 30 degrees
from time t1 to time t2, and the 1on beam 1s applied at an
incident angle larger than 30 degrees from time t2 to time t3.

In this patterning process, a redeposition layer 43a of
hardly oxidizable metal 1s formed on the sidewall of the
stacked structure 20. That 1s, the electroconductive redepo-
sition layer 43a containing the same metal element as the
metal element contained in the stacked structure 20 (stacked
film 20S) 1s formed. Since the hard mask layer 30 1s also
ctched by IBE, the thickness of the hard mask layer 30 1s
reduced.

Then, as shown 1n FIG. 4, the electroconductive redepo-
sition layer 43a 1s oxidized to 1nsulate the redeposition layer
43. Subsequently, the first sidewall insulating layer 41 1is
formed along the sidewall of the stacked structure 20.
Although the first sidewall insulating layer 41 may be
formed at least along the sidewall surface of the stacked
structure 20, it 1s actually formed along an upper surface of
the hard mask layer 30, a sidewall surface of the hard mask
layer 30, a sidewall surface of the stacked structure 20, and
an upper surface of the lower structure 10. For the first
sidewall msulating layer 41, for example, nitride, oxide, or
the like 1s used. The redeposition layer 43 1s covered with the
first sidewall insulating layer 41.

Then, as shown 1n FIG. 5, the first sidewall insulating
layer 41 1s etched by IBE while rotating a semiconductor
waler provided with the stacked structure 20 around its
central axis as a rotation axis. Specifically, the first sidewall
insulating layer 41 1s irradiated with an 1on beam at a first
incident angle 01 (incident angle to the main surface of the
lower structure 10) smaller than 30 degrees. As a result, the
upper end of the first sidewall mnsulating layer 41 formed
along the sidewall of the stacked structure 20 recedes. The
first sidewall insulating layer 41 formed on the upper surface
of the hard mask layer, the side surface of the hard mask
layer 30, and the upper surface of the lower structure 10 1s
also removed by the IBIS process. In addition, by the IBE
process, the redeposition layer 43 exposed by receding the
upper end of the first sidewall isulating layer 41 1s etched,
and the upper end of the redeposition layer 43 formed along
the sidewall of the stacked structure 20 recedes.

In the present IBE process (IBE process at the first
incident angle 01), the IBE process 1s controlled such that
the upper end of the first sidewall insulating layer 41 and the
upper end of the redeposition layer 43 are located higher
than the upper surface of the tunnel barrier layer 23 once the
IBE process 1s terminated. In this embodiment, the IBE
process 1s controlled such that the upper end of the first
sidewall 1nsulating layer 41 and the upper end of the
redeposition layer 43 are located higher than the upper
surface of the storage layer 21 once the IBE process 1s
terminated.

Then, as shown 1n FIG. 6, the first sidewall insulating
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main surface of the lower structure 10 1n IBE. Specifically,
the first sidewall insulating layer 41 1s 1rradiated with an 10n
beam at a second incident angle 02 (incident angle to the
main surface of the lower structure 10) larger than the first
incident angle 01. More specifically, the first sidewall 1nsu-
lating layer 41 1s irradiated with the 10n beam at the second
incident angle 02 larger than 30 degrees. As a result, the
upper end of the first sidewall mnsulating layer 41 formed
along the sidewall of the stacked structure 20 further
recedes. By the IBE process, the redeposition layer 43
turther exposed by further receding the upper end of the first
sidewall insulating layer 41 1s etched, and the upper end of
the redeposition layer 43 formed along the sidewall of the
stacked structure 20 further recedes.

In the present IBE process (IBE process at the second
incident angle 02), the IBE process 1s controlled such that
the upper end of the first sidewall insulating layer 41 and the
upper end of the redeposition layer 43 are located lower than
the upper surface of the tunnel barrier layer 23 once the IBE
process 1s terminated. More preferably, the IBE process 1s
controlled such that the upper end of the first sidewall
insulating layer 41 and the upper end of the redeposition
layer 43 are located lower than the lower surface of the
tunnel barrier layer 23 once the IBE process 1s terminated.
Specifically, the IBE process 1s controlled such that the
upper end of the first sidewall insulating layer 41 and the
upper end of the redeposition layer 43 are located between
the lower surface and the upper surface of the reference layer
22. In this embodiment, IBE is terminated immediately after
the upper end of the first sidewall insulating layer 41 and the
upper end of the redeposition layer 43 become lower than
the lower surface of the tunnel barner layer 23.

The second 1incident angle 02 1s determined as follows. As
shown 1n FIG. 6, a space width between the hard mask layers
30 adjacent to each other 1s represented by S. The height
from the upper surface of the tunnel barrier layer 23 to the
upper surface of the hard mask layer 30 1s represented by
H1, and the height from the lower surface of the tunnel
barrier layer 23 to the upper surface of the hard mask layer
30 1s represented by H2. At this time, “tan 02<S/H1” 1s
preferable, and “tan 02<S/H2” 1s more preferable. The
following description 1s added.

When a plurality of the stacked structures 20 are formed
by IBE, there may be a region (shadow region) where the 10n
beam 1s obstructed by a so-called shadow eflect. The shadow
region depends on the angle of the 10n beam. Specifically, as
the mncident angle of the ion beam increases, the shadow
region increases. From a geometrical viewpoint, theoreti-
cally, in the case of “tan 02=S/H1”, the shadow region 1is
generated at a position lower than the upper surface of the
tunnel barrier layer 23. Accordingly, by satisitying “tan
02<5/H1”, no shadow region 1s generated at a position
higher than the upper surface of the tunnel barrier layer 23,
and the first sidewall 1nsulating layer 41 and the redeposition
layer 43 can be reliably etched at least up to a position
corresponding to the upper surface of the tunnel barrier layer
23. By satisiying “tan 02<S/H2”, the first sidewall insulating
layer 41 and the redeposition layer 43 can be reliably etched
up to a position corresponding to the lower surface of the
tunnel barrier layer 23.

However, 11 the incident angle 92 1s too small (tan 02 1s
too small), 1t 1s diflicult to set the upper end of the first
sidewall insulating layer 41 and the upper end of the
redeposition layer 43 at a suitable position once IBE 1s
terminated. Accordingly, there 1s a suitable lower limit for
the incident angle 02. For example, when control 1s per-
formed such that the upper end of the first sidewall insulat-
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ing layer 41 and the upper end of the redeposition layer 43
are located between the lower surface and the upper surface
of the reference layer 22, the incident angle 02 is set such
that “S/H3<tan 02<5/H2. H3 1s the height from the lower
surface of the reference layer 22 to the upper surface of the
hard mask layer 30.

As described above, 1in the case where, after IBE 1s
performed at the first incident angle 01, IBE 1s performed at
the second incident angle 02 larger than the first incident
angle 01, as described below, the redeposition layer 43
contaiming hardly oxidizable metal can be accurately
removed, and an electrical short failure can be suppressed.

In the process of FIG. 5, IBE 1s performed at the relatively
small first incident angle 01. Thus, the upper end of the first
sidewall insulating layer 41 and the upper end of the
redeposition layer 43 can be accurately receded on the
sidewall of the stacked structure 20. However, since IBE 1s
performed at the relatively small first incident angle 01, a
redeposition layer formed on the sidewall of the stacked
structure 20 cannot be completely removed by the IBE. In
the process of FIG. 6, IBE is performed at the relatively large
second 1ncident angle 02. Thus, the redeposition layer
tformed on the sidewall of the stacked structure 20 1n the
process of FIG. 5 can be efliciently removed. When the
second incident angle 02 1s accurately set 1n consideration of
the shadow eflect, the upper end of the first sidewall
insulating layer 41 and the upper end of the redeposition
layer 43 can be set to a desired suitable position lower than
the upper surface of the tunnel barrier layer 23 (preferably
lower than the lower surface of the tunnel barrier layer 23).
Accordingly, it 1s possible to eflectively suppress electrical
short failure (electric short failure between the storage layer
21 and the reference layer 22) resulting from the redeposi-
tion layer on the sidewall of the tunnel barrier layer 23.

When IBE 1s controlled such that the upper end of the first
sidewall 1insulating layer 41 and the upper end of the
redeposition layer 43 are lower than the lower surface of the
tunnel barrier layer 23, the redeposition layer can be
removed from the entire sidewall of the tunnel barrier layer
23, and therefore, the electric short failure between the
storage layer 21 and the reference layer 22 can be more
reliably suppressed.

After the process of FIG. 6 1s completed as described
above, as shown 1n FIG. 1, the second sidewall insulating
layer 42 covering the first sidewall insulating layer 41 1s
formed along the sidewall of the stacked structure 20. More
specifically, the second sidewall insulating layer 42 1s
formed along the upper surface of the hard mask layer 30,
the sidewall surface of the hard mask layer 30, the sidewall
surface of the stacked structure 20, and the upper surface of
the lower structure 10.

Then, the interlayer insulating film 31 1s formed to cover
the structure including the stacked structure 20, the hard
mask layer 30, the first sidewall insulating layer 41, the
second sidewall insulating layer 42, and the first redeposi-
tion layer 43. Subsequently, the hole reaching the hard mask
layer 30 1s formed 1n the interlayer insulating film 51 and the
second sidewall insulating layer 42. In addition, the top
clectrode 52 1s formed in the hole.

Although the illustration of the subsequent processes 1s
omitted, a magnetic memory device 1s formed by perform-
ing, for example, a process of forming a bit line, connected
to the top electrode 52, on the interlayer insulating film 31.

As described above, 1n this embodiment, the upper end of
the first sidewall insulating layer 41 formed along the
sidewall of the stacked structure 20 1s receded, so that the
upper end of the first sidewall msulating layer 41 and the
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upper end of the redeposition layer 43 are positioned lower
than the upper surtace (more preferably the lower surface) of
the tunnel barrier layer (nonmagnetic layer) 23. When the
upper end of the first sidewall 1nsulating layer 41 1s thus
receded to a suitable position, 1t 15 possible to effectively
suppress electrical short failure resulting from the redepo-
sition layer on the sidewall of the tunnel barrier layer 23. As
a result, 1t 1s possible to obtain a magnetoresistive element
having excellent characteristics and reliability.

In particular, 1n this embodiment, the retference layer 22 1s
provided between the lower structure 10 and the tunnel
barrier layer 23, and the shift canceling layer 24 1s provided
between the lower structure 10 and the reference layer 22.
That 1s, the reference layer 22 and the shift canceling layer
24 are provided under the tunnel barrier layer 23. In general,
the reference layer 22 and the shiit canceling layer 24 are
thicker than the storage layer 21. Thus, when the pattern of
the stacked structure 20 1s formed by IBE, the thick refer-
ence layer 22 and the shift canceling layer 24 are required to
be etched after the tunnel barrier layer 23 1s etched, and the
clectroconductive redeposition layer tends to adhere on the
sidewall of the tunnel barrier layer 23. In some cases, the
reference layer 22 and the shift canceling layer 24 may
contain hardly oxidizable metal. By using the configuration
and method of this embodiment, 1t 1s possible to accurately
remove the redeposition layer on the sidewall of the tunnel
barrier layer 23, and to eflectively suppress electrical short
failure.

FIG. 7 1s a cross-sectional view schematically showing a
configuration of a magnetic memory device according to a
modification of this embodiment. Since the basic matters are
the same as those of the above embodiment, the explanations
ol matters that are described in the above embodiment are
omitted. In addition, components corresponding to those
described 1n the above embodiment are denoted by the same
reference numerals.

In the above embodiment, the reference layer (second
magnetic layer) 22 and the shift canceling layer (third
magnetic layer) 24 are provided between the lower structure
10 and the tunnel barrier layer 23 (nonmagnetic layer). In
this modification, the storage layer (first magnetic layer) 21
1s provided between the lower structure 10 and the tunnel
barrier layer (nonmagnetic layer) 23. That 1s, 1n this modi-
fication, 1n the stacked structure 20, the under layer 25, the
storage layer 21, the tunnel barrier layer 23, the reference
layer 22, the shift canceling layer 24, and the cap layer 26
are stacked 1n this order.

Also 1n this modification, on the sidewall of the stacked
structure 20, the first sidewall insulating layer 41 1s provided
along the sidewall of the stacked structure 20. Also 1n this
modification, the upper end of the first sidewall nsulating
layer 41 1s located lower than the upper surface of the tunnel
barrier layer 23 and 1s preferably located lower than the
lower surface of the tunnel barrier layer 23. The upper end
of the first sidewall insulating layer 41 1s preferably located
higher than the lower surface of the storage layer 21. Also
in this modification, on the sidewall of the stacked structure
20, the second sidewall msulating layer 42 1s provided along
the sidewall of the stacked structure 20, and the second
sidewall insulating layer 42 covers the first sidewall insu-
lating layer 41.

The basic manufacturing method 1s the same as the
manufacturing method of the above embodiment, and the
first sidewall insulating layer 41 shown 1n FIG. 7 1s formed
as follows. First, the IBE process 1s performed at the first
incident angle 01 such that the upper end of the first sidewall
insulating layer 41 and the upper end of the redeposition
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layer 43 are located higher than the upper surface of the
tunnel barrier layer 23. Subsequently, the IBE process 1s
performed at the second incident angle 02 larger than the
first incident angle 01 such that the upper end of the first
sidewall insulating layer 41 and the upper end of the
redeposition layer 43 are located lower than the upper
surface of the tunnel barrier layer 23 (more preferably
located lower than the lower surface of the tunnel barrier
layer 23). Specifically, the IFS process 1s performed such
that the upper end of the first sidewall insulating layer 41 and
the upper end of the redeposition layer 43 are located
between the lower surface and the upper surface of the
storage layer 21. As a result, the first sidewall insulating
layer 41 and the redeposition layer 43 as shown in FIG. 7 are

obtained.

When H1, H2, and S are defined as in FIG. 1 of the first
embodiment and H3 is defined as the height from the lower
surface of the storage layer 21 to the upper surface of the
hard mask layer 30, the incident angle 02 1s preferably set
such that “S/H3<tan 02<S/H2”.

Also 1n this modification, as in the above embodiment,
when the upper end of the first sidewall insulating layer 41
and the upper end of the redeposition layer 43 are set to a
suitable height, it 1s possible to effectively suppress electri-
cal short failure and to obtain a magnetoresistive element
having excellent characteristics and reliability.

FIG. 8 1s a cross-sectional view schematically showing an
example of a general configuration of a semiconductor
integrated circuit device to which the magnetoresistive ele-
ment of the above embodiment 1s applied.

A burnied gate type MOS ftransistor TR 1s formed 1 a
semiconductor substrate SUB. A gate electrode of the MOS
transistor TR 1s used as a word line WL. A bottom electrode
BEC 1s connected to one of source/drain regions S/D of the
MOS transistor TR, and a source Line contact SC 1s con-
nected to the other of the source/drain regions S/D.

A magnetoresistive element M1 1s formed on the bottom
clectrode BEC, and a top electrode TEC 1s formed on the
magnetoresistive element MTJ. A bit line BL 1s connected to
the top electrode TEC. A source line SL 1s connected to the
source line contact SC.

An excellent semiconductor integrated circuit device can
be obtaimned by applying the magnetoresistive element as
described 1n the above embodiment to the semiconductor
integrated circuit device as shown i FIG. 8.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the mventions.
Indeed, the novel embodiments described herein may be
embodied 1n a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the mventions.
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What 1s claimed 1s:

1. A magnetic memory device comprising:

a semiconductor substrate;

a stacked structure provided above the semiconductor
substrate and including a first magnetic layer having a
variable magnetization direction, a second magnetic
layer having a fixed magnetization direction, and a
nonmagnetic layer provided between the first magnetic
layer and the second magnetic layer;

a bottom electrode provided between the semiconductor
substrate and the stacked structure; and

a first sidewall 1insulating layer provided along a sidewall
of the stacked structure,

wherein a height of an upper end of the first sidewall
insulating layer from an imterface between the stacked
structure and the bottom electrode 1s less than a height
ol an upper surface of the nonmagnetic layer from the
interface between the stacked structure and the bottom
clectrode.

2. The device according to claim 1, wherein the height of
the upper end of the first sidewall isulating layer from the
interface between the stacked structure and the bottom
clectrode 1s less than a height of a lower surface of the
nonmagnetic layer from the interface between the stacked
structure and the bottom electrode.

3. The device according to claim 1, further comprising a
second sidewall 1insulating layer provided along the sidewall
of the stacked structure and covering the first sidewall
insulating layer.

4. The device according to claim 1, wherein the first
sidewall 1nsulating layer contains at least silicon (S1).

5. The device according to claim 1, further comprising a
first redeposition layer interposed between the stacked struc-
ture and the first sidewall 1nsulating layer and containing a
same metal element as a metal element contained in the
stacked structure.

6. The device according to claim 5, wherein on a portion
of the sidewall of the stacked structure, which 1s located
higher than the upper end of the first sidewall 1nsulating
layer, no redeposition layer 1s provided, or a second rede-
position layer thinner than the first redeposition layer 1s
provided.

7. The device according to claim 5, wherein the first
redeposition layer contains hardly oxidizable metal.

8. The device according to claim 1, wherein the second
magnetic layer 1s provided between the bottom electrode and
the nonmagnetic layer.

9. The device according to claim 8, wherein the stacked
structure further includes a third magnetic layer provided
between the bottom electrode and the second magnetic layer,
the third magnetic layer having a fixed magnetization direc-
tion antiparallel to the magnetization direction of the second
magnetic layer.

10. The device according to claim 1, wherein the first
magnetic layer 1s provided between the bottom electrode and
the nonmagnetic layer.
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